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We report the Bose-Einstein condensation (BEC) of the most magnetic element, dysprosium.
The Dy BEC is the first for an open f -shell lanthanide (rare-earth) element and is produced via
forced evaporation in a crossed optical dipole trap loaded by an unusual, blue-detuned and spin-
polarized narrow-line magneto-optical trap. Nearly pure condensates of 1.5×104 164Dy atoms form
below T = 30 nK. We observe that stable BEC formation depends on the relative angle of a small
polarizing magnetic field to the axis of the oblate trap, a property of trapped condensates only
expected in the strongly dipolar regime. This regime was heretofore only attainable in Cr BECs via
a Feshbach resonance accessed at high magnetic field.
PACS numbers: 03.75.Hh, 67.85.Hj, 37.10.De, 51.60.+a, 75.80.+q
The interplay between emergent electronic or spa-
tial crystallinity, magnetism, and superfluidity is cen-
tral to some of the most interesting materials of late,
e.g., cuprate and iron-based superconductors, strontium
ruthenates, and solid helium [1]. Quantum degener-
ate gases possessing strong dipole-dipole interactions
(DDI) [2] are thought to provide access to strongly cor-
related quantum phases involving quantum magnetism,
spontaneous spatial symmetry breaking, and exotic su-
perfluidity. Supersolid [3] and quantum liquid crystal [4]
phases may be accessible using strongly dipolar Bose and
Fermi gases; with the realization of such quantum gases,
we may shed light on characteristics of these phases dif-
ficult to observe in their condensed matter settings [1].
We report the first realization of a strongly dipolar
quantum gas at low field, a Bose-Einstein condensate
(BEC) of 164Dy, which is an atom with unsurpassed
dipole moment d = 10µB , where µB is the Bohr magne-
ton [5]. For comparison, Rb and Cr’s moment equals 1µB
and 6µB , respectively. The Dy BEC is the first quan-
tum gas of a highly complex, open f -shell lanthanide,
and opens a new frontier for exploring scattering behav-
ior involving DDI-induced universality [6], electrostatic
anisotropy [7, 8], and an open f -shell submerged un-
der closed s-shells. These complex atomic properties ev-
idently do not prevent Bose-condensation, and explor-
ing such complex collisional physics will greatly aid at-
tempts to understand collisional behaviors of ultracold
polar molecules, whose Bose-condensation has yet to be
achieved.
Unlike the 52Cr dipolar BEC [9], we show that
the 164Dy BEC reaches the strongly dipolar regime
dd=µ0µ
2m/12pi~2as>1 without careful minimization of
the s-wave scattering length as using a high-magnetic
field Feshbach resonance [10]. The use of Feshbach reso-
nances can lead to detrimental three-body loss [11] and
precludes the study of ultracold dipolar physics near zero
field. Moreover, ultracold dysprosium suffers no chemical
reactions like certain polar molecules [12].
Short-wavelength optical lattices confining Dy are ca-
pable of exploring uncharted strongly correlated phases
beyond the familiar Mott insulator at half-filling.
Namely, density waves of various filling factors and lat-
tice supersolids may now be accessible [2, 3, 13] without
multilayer lattice enhancement [14]. Moreover, creation
of unconventional and anisotropic superfluids [15] as well
as explorations of 1D strongly correlated gases [16], trap
instabilities [2], spin textures and topological defects [17],
roton modes [18], and emergent structure in layered dipo-
lar gases [19] are among the phenomena now within the
realm of experimental possibility.
The cooling procedure follows aspects of the Sr, Ca,
and Yb BEC experiments [20], and we only provide es-
sential experimental details before briefly discussing some
of the 164Dy BEC properties. The BEC of 164Dy, natural
abundance 28.2%, is formed by forced evaporative cool-
ing in a crossed optical dipole trap (cODT). The cODT
is loaded with ultracold atoms from an unusual, blue-
detuned narrow-line magneto-optical trap (MOT) [21]
formed on the 1.8-kHz 741-nm line [22], the demonstra-
tion of which for Dy we report for the first time. This
red-wavelength MOT (rMOT) is loaded by a repumper-
less blue-wavelength MOT (bMOT) formed on the broad,
421-nm transition. A Zeeman slower and transverse cool-
ing stage, both at 421 nm, slow and collimate an atomic
beam from a 1250 ◦C oven. Details regarding the bMOT
are provided in Refs. [23], and a subsequent publication
will thoroughly describe the Dy rMOT and cODT.
Figure 1 depicts the relevant Dy energy level dia-
gram with cooling and trapping lasers as well as a tim-
ing diagram for the experiment. The bMOT captures
5×108 164Dy atoms, 70% of which, in steady-state, are
∼1 mK metastable atoms concurrently confined within
the bMOT’s magnetic quadrupole trap. We operate the
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FIG. 1. (color online). (a) The relevant 164Dy level scheme. The nuclear spin is I = 0 and the total electronic angular
momentum is J = L + S = 8 with L = 6 and S = 2. Experimental setup (b) and typical timing diagram (c). The trapezoid
and diagonal line in the RF row represent the RF power ramp and the 0.7 MHz sweep about 5.65 MHz, respectively.
bMOT at 1.4×108 total atoms for this work. Of these,
7×107 are captured in the rMOT—whose beams are over-
lapped with the bMOT’s—during the loading phase last-
ing 3.5 s. Concurrently, metastable Dy decays to the
ground state with a time constant of 2.3 s−1 [23].
The rMOT differs from most narrow-line MOTs, e.g.,
Ref. [24], in that the cooling laser is blue-detuned from
resonance. For heavy, highly magnetic atoms possessing
a narrow optical transition, a spin-polarized MOT may
form below the center of the quadrupole field such that
gravitational, magnetic, and optical forces balance each
other. This technique, first employed for an 8-kHz-wide
line in Er (µ = 7µB) [21], creates an ultracold, dense
gas at a position determined by the laser detuning such
that the magnetic field Zeeman-shifts the otherwise red-
detuned maximally weak-field-seeking state (MWS) to
the blue of the laser frequency. The cloud shifts position
in the magnetic gradient as a function of laser detuning,
but the laser linewidth need not be as narrow as the
transition, as often the case for narrow-line MOTs.
The Er experiment captured 10-20% of the 105 atoms
loaded into the Er bMOT [25] by fixing the rMOT
laser intensity and detuning while ramping down the
quadrupole field before recompression. We improve
the capture efficiency of this technique by sweeping
the laser’s blue-detuning from ∆741 = +2.6 MHz to
+0.6 MHz while reducing the laser intensity (quadrupole
gradient) from I = 26 W/m2 (∇Bz = 20 G/cm) to 4.8
W/m2 (3.9 G/cm) [26]. We capture 50% of the total
bMOT-cooled population by following this procedure.
We hold this configuration for 1.2 s to cool to 12 µK
and spin-purify the gas in mJ = 8, as determined by
subsequent Stern-Gerlach (SG) measurements. While ul-
tracold, the gas does not reach the line’s 84-nK Doppler
limit; similarly, the Er rMOT’s 2 µK temperature was
substantially larger than its 190-nK Doppler limit [21].
Reference [21] suggests that the seemingly hotter tem-
perature arises due to momentum kicks from imperfectly
extinguishing the quadrupole field before time-of-flight
(TOF) measurements. However, these hotter tempera-
tures may also arise from dipolar relaxation heating. In-
deed, the plain evaporation of Dy after optical dipole
trap loading implies the gas is no colder than 10 µK
when in the rMOT. Inelastic dipolar relaxation rates
scale strongly with dipole moment and are expected to
be quite rapid for Dy and Er [27]. We speculate that the
gas heats by releasing Zeeman energy as the MWS state
relaxes to lower-energy Zeeman states, while the rMOT
lasers re-cool and repump to the MWS state. An equi-
librium in temperature and spin polarization is reached
for a given ∇Bz, ∆741, and I, and future numerical sim-
ulations will investigate this process [28].
We employ two horizontal ODTs, ODT1 and ODT2,
to form the cODT at a position beyond the edge of
the rMOT. Intersecting the ODTs with the rMOT dur-
ing loading repels the gas due to a ∼10-kHz Stark shift
of the 741-nm line, which repositions the atoms in the
quadrupole field to compensate the change in effective
rMOT detuning. The optimal loading strategy thus
involves setting the 18 W ODT1’s propagation height
roughly r = 1 mm below the rMOT center and fine-
tuning the transfer efficiency with the 741-nm laser fre-
quency while preserving spin-polarization and minimiz-
ing gas temperature.
The transfer efficiency from the rMOT to ODT1, as
well as the initial gas temperature in the ODT1, is very
3sensitive to the value of r. During the rMOT cool-
ing stage, 20-kHz drifts of the 741-nm laser frequency
(linewidth 20 kHz) shift the cloud in z enough to de-
crease transfer efficiency. A Rb saturation-absorption
reference laser stabilizes a transfer cavity to which the
741-nm laser is locked; together this provides sufficient
frequency stability for BEC production.
Following this procedure, we obtain up to 4×106 atoms
in ODT1 at a temperature of 10 µK, which is 15×
colder than the trap depth of ODT1. We experimen-
tally determine the polarizability of Dy at 1064 nm to be
116 a.u. (atomic units) by measuring the ODT1 trap fre-
quencies. This value is 65% smaller than recently calcu-
lated [29] and will be used to improve magic wavelength
estimates for future Dy optical lattices.
ODT1 is derived from a 30-W 1064-nm fiber laser,
while ODT2 is derived from a 25-W diode-pumped
Nd:YVO4 1064-nm laser. Beams from both are intensity-
controlled by acousto-optic modulators (AOMs), and
each beam is shaped into a cylindrical waist (e−2 radius)
focused at the cODT center. The ODT1 has a waist of
30 (60) µm and trap frequency of 1 (0.5) kHz in z (ρ),
where ρ lies in the x–y plane. ODT2 has a waist of 22
(70) µm and trap frequency of 1.2 (0.4) kHz in z (ρ).
After extinguishing the rMOT lasers and quadrupole
field, we immediately spin-flip the atoms from the MWS-
state to the maximally strong-field seeking (MSS) ground
state to prevent heating from dipolar relaxation. No op-
tical pumping is needed because, as mentioned above, the
rMOT—unlike a traditional MOT—provides a MWS-
state spin-polarized gas [21]. RF adiabatic rapid pas-
sage (ARP) flips the spin within 2 ms from mJ = 8 to
mJ = −8 by using a Bx = 0.3 G magnetic field and
a swept-frequency RF-driven coil along z. Stern-Gerlach
measurements indicate that ARP produces a nearly pure,
absolute ground state gas in mJ = −8, and we use such
ARP sweeps and SG measurements to calibrate the ap-
plied magnetic fields and to zero the ambient magnetic
field to <20 mG. The 0.3 G Bx field (∆m = 1 Zeeman
energy equal to 25 µK) is then rotated to point along
z and increased to Bz = 2.3 G (190 µK) to suppress
thermally driven spin transfer to mJ > −8 states.
Within 4 s of loading Dy from ODT1 into the 340 µK
cODT, formed by ramping ODT2 to 12 W in 1 s, plain
evaporation both reduces the atom number to 1×105 at
the cODT center and decreases the temperature to 2 µK.
The trap frequencies are [fx, fy, fz] = [380, 500, 1570] Hz
before the forced evaporation sequence begins. Power
in the ODTs are reduced using the functional form Pf =
Pi/(1+t/τ)
β [30] using experimentally optimized param-
eters β1 = 2 and τ = 15 s for ODT1. After a 9 s delay,
ODT2’s power is reduced for 23 s using β2 = 1.3 and
τ = 15 s. To recompress the trap and obtain an oblate
shape—fz/fρ > 1, with fρ =
√
fxfy—both beams are
linearly ramped in 0.8 s to their final powers. For the
data presented here, final ODT powers yield the trap
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FIG. 2. (color online). TOF profiles of the spin-purified Dy
gas for three evaporation time-constants, with τ = 15 s in (e)
and (f). (a,c,e) Data at centers are fit to a parabolic profile
(green), which underestimates condensate fraction, whereas
the distributions’ wings are fit to a Gaussian profile (red).
(b,d,f) Absorption images of the emerging BEC. (b) The
transition temperature is 99(5) nK, with condensate fraction
14.4(3)%; (b) 44(2)% condensate fraction at 56(3) nK; (c)
a BEC of condensate fraction 73(4)% and 1.5(2)×104 atoms
forms at 28(2) nK with density 1014 cm−3.
frequencies [fx, fy, fz] = [205, 195, 760] Hz, which pro-
vide a ratio fz/fρ = 3.8 [31]. The BEC is held for 0.2 s,
the first 0.1 s of which the Bz field may be rotated into
the ρ-plane. Time-of-flight measurements are made by
rapidly extinguishing the cODT and, after 1 ms, rotating
the field into the imaging axis [see Fig. 1(b)]. Absorp-
tion images are obtained using resonant 421-nm light and
an exposure of 60 µs, much less than the decay time to
metastable states [23].
The emergence of the Dy BEC below T = 100 nK is
shown in Fig. 2. A dense parabolic peak emerges from
a Gaussian background signaling the formation of a con-
densate with high purity below T = 30 nK. The DDI
preserves a parabolic condensate profile [32], but the cri-
terion for the Thomas-Fermi (TF) limit is modified for
a dipolar BEC. Approximate expressions for the dipolar
TF limit in the spherical and highly elongated prolate
and oblate BEC regimes have been obtained [33]. Al-
though our moderately oblate BEC fails to fall into these
4regimes, we may use the oblate BEC analysis in Ref. [33]
to estimate that the Dy BEC satisfies the dipolar TF
limit for “effective” as’s [34] in the vicinity of the recently
estimated van der Waals length a¯ = 76a0 [8].
We calculate that an initial phase space density for
BEC is reached at 120(20) nK for a trap with our mean
frequency 310 Hz and atom number 7×104. Applying
corrections [9] for finite size effects and mean field en-
ergy (using as = 100a0), we estimate a Tc = 100(20) nK,
which is consistent with our measurement of 99(5) nK.
The nearly pure BEC in panels (e) and (f) contains
1.5×104 atoms at a density of 1014 cm−3. Further evi-
dence of 164Dy’s Bose-condensation is provided in Fig. 3,
which shows the characteristic aspect ratio inversion of
an interacting BEC released from an anisotropic trap.
These data are obtained with a small, Bz = 2.3 G field
parallel to the oblate trap’s axis along z. BECs also form
with 2.3 G fields rotated to an angle either θ = 45◦ or
60◦ with respect to the z-axis. However, no BEC forms
in a 90◦ field (Bz = 0, Bρ = 2.3 G), and a thermal cloud
is obtained regardless of evaporation parameters.
Strongly dipolar BECs—defined as dd > 1—have
been shown [2, 35–37] to be unstable for harmonic traps
with γ = f‖/f⊥ < 1 but metastable for traps with
γ = f‖/f⊥ > 1, where f‖ is the trap frequency parallel to
the polarizing field, and f⊥ is the geometric mean of the
trap frequencies perpendicular to the field. The attrac-
tive part of the DDI acts to elongate the cloud along the
field direction, which if pointed along the trap’s major
axis leads to an instability much akin to that of non-
dipolar BECs with large negative as [2]. In contrast,
aligning the field along the minor axis acts to suppress
this elongation, minimizing the attractive contribution
from the DDI to the mean field energy and stabilizing
the gas. Weakly dipolar BECs—wherein dd < 1—are
stable regardless of the value of γ, because the repulsive
contact interaction dominates the DDI [2].
While we observe a BEC in our oblate trap for θ = 0◦
(γ = 3.8), the failure to observe a BEC in the oblate
trap with θ = 90◦ (γ = 0.51) is strongly suggestive of a
BEC in the strongly dipolar regime [38]. Moreover, the
tilt of the expanding condensate toward the polarizing
field is indicative of a strongly dipolar condensate and
was not observed in the weakly dipolar Cr system [39].
Gross–Pitaevskii equation simulations of the BEC stabil-
ity boundary and tilt angle versus θ, along with simula-
tions of the TOF aspect ratio evolution, should provide
a first measurement of 164Dy’s effective as [40].
In future work, we will search for broad Feshbach
resonances and load the Dy BEC into optical lattices
to search for phases predicted by the extended Bose-
Hubbard model [2]. Quantum degenerate gases of Dy’s
other isotopes, including dipolar Bose-Fermi mixtures,
could be formed with the experimental technique pre-
sented here. Indeed, we recently optically dipole-trapped
an ultracold dipolar Bose-Fermi mixture of 164Dy and
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FIG. 3. (color online). Anisotropic expansion profile versus
time after trap release. (a) rz and rρ are the dimensions of the
parabolic profile fit to the BEC for θ = 0◦. Inset: Schematic of
the oblate trap and magnetic field orientation. (b) Images of
the expanding condensate after trap release. The condensate
rotates by 7(1)◦ [9.4(6)◦] with respect to the θ = 0◦ expansion
orientation for θ = 45◦ [θ = 60◦]. No BEC forms for θ = 90◦.
163Dy—the first of its kind—using a modified version of
this experimental technique; ongoing work strives to cool
the mixture to quantum degeneracy.
We thank R. Wilson, J. Bohn, and S. Kotochigova for
helpful discussions. We acknowledge support from the
NSF, AFOSR, ARO-MURI on Quantum Circuits, and
the David and Lucille Packard Foundation.
[1] E. Fradkin et al., Annu. Rev. Condens. Matter Phys. 1,
7 (2010); E. Fradkin and S. A. Kivelson, Science 327,
155 (2010); E. Kim and M. H. W. Chan, ibid. 305, 1941
(2004); B. Hunt et al., ibid. 324, 632 (2009).
[2] T. Lahaye et al., Rep. Prog. Phys. 72, 126401 (2009).
[3] B. Capogrosso-Sansone et al., Phys. Rev. Lett. 104,
125301 (2010); L. Pollet et al., Phys. Rev. Lett. 104,
125302 (2010); Y.-H. Chan, Y.-J. Han, and L.-M. Duan,
Phys. Rev. A 82, 053607 (2010); L. He and W. Hofstet-
ter, Phys. Rev. A 83, 053629 (2011).
[4] B. M. Fregoso et al., New J. Phys. 11, 103003 (2009);
J. Quintanilla, S. T. Carr, and J. J. Betouras, Phys.
Rev. A 79, 031601 (2009); C. Lin, E. Zhao, and W. V.
Liu, Phys. Rev. B 81, 045115 (2010); K. Sun, C. Wu,
and S. Das Sarma, Phys. Rev. B 82, 075105 (2010).
5[5] Fermionic Dy’s magnetic moment is the largest of all ele-
ments, and bosonic Dy’s magnetic moment is equal only
to Tb’s [41].
[6] C. Ticknor, Phys. Rev. Lett. 100, 133202 (2008); J. L.
Bohn, M. Cavagnero, and C. Ticknor, New J. Phys. 11,
055039 (2009); C. Ticknor and S. T. Rittenhouse, Phys.
Rev. Lett. 105, 013201 (2010); Y. Wang, J. P. D’Incao,
and C. H. Greene, Phys. Rev. Lett. 106, 233201 (2011).
[7] B. K. Newman et al., Phys. Rev. A 83, 012713 (2011).
[8] S. Kotochigova and A. Petrov, (2011), arXiv:1104.5411.
[9] A. Griesmaier et al., Phys. Rev. Lett. 94, 160401 (2005).
[10] For a zero-field (as yet unmeasured) as equal to
52Cr’s
as ≈ 100a0, Dydd = 1.3 while Crdd = 0.15. (a0 is the Bohr
radius.) Crdd ≈ 1 has been achieved using a 589 G Fesh-
bach resonance [11].
[11] T. Lahaye et al., Nature 448, 672 (2007).
[12] S. Ospelkaus et al., Science 327, 853 (2010).
[13] A. Bu¨hler and H. P. Bu¨chler, Phys. Rev. A 84, 023607
(2011).
[14] S. Mu¨ller et al., (2011), arXiv:1105.5015.
[15] C. Trefzger, C. Menotti, and M. Lewenstein, Phys. Rev.
Lett. 103, 035304 (2009); A. Filinov, N. V. Prokof’ev,
and M. Bonitz, Phys. Rev. Lett. 105, 070401 (2010);
C. Ticknor, R. M. Wilson, and J. L. Bohn, Phys. Rev.
Lett. 106, 065301 (2011).
[16] F. J. Burnell et al., Phys. Rev. B 80, 174519 (2009);
M. Dalmonte, G. Pupillo, and P. Zoller, Phys. Rev. Lett.
105, 140401 (2010).
[17] M. Abad et al., Phys. Rev. A 79, 063622 (2009);
M. Klawunn and L. Santos, New J. Phys. 11, 055012
(2009); J. A. M. Huhtama¨ki et al., Phys. Rev. A 81,
063623 (2010); M. Abad et al., ibid. 81, 043619 (2010).
[18] S. Ronen, D. C. E. Bortolotti, and J. L. Bohn, Phys.
Rev. Lett. 98, 030406 (2007); R. M. Wilson et al., ibid.
100, 245302 (2008).
[19] A. Junginger, J. Main, and G. Wunner, Phys. Rev. A 82,
023602 (2010); R. M. Wilson and J. L. Bohn, Phys. Rev.
A 83, 023623 (2011); M. Asad-uz-Zaman and D. Blume,
Phys. Rev. A 83, 033616 (2011).
[20] T. Fukuhara, S. Sugawa, and Y. Takahashi, Phys. Rev.
A 76, 051604 (2007); S. Kraft et al., Phys. Rev. Lett.
103, 130401 (2009); Y. N. Martinez de Escobar et al.,
Phys. Rev. Lett. 103, 200402 (2009); S. Stellmer et al.,
Phys. Rev. Lett. 103, 200401 (2009).
[21] A. J. Berglund, J. L. Hanssen, and J. J. McClelland,
Phys. Rev. Lett. 100, 113002 (2008).
[22] M. Lu, S. H. Youn, and B. L. Lev, Phys. Rev. A 83,
012510 (2011).
[23] M. Lu, S.-H. Youn, and B. L. Lev, Phys. Rev. Lett.
104, 063001 (2010); S. H. Youn et al., Phys. Rev. A 82,
043425 (2010).
[24] X. Xu et al., Phys. Rev. Lett. 90, 193002 (2003).
[25] A. J. Berglund, private communication (2009).
[26] The bMOT is unaffected by the rMOT lasers.
[27] Indeed, we observe in a 0.3 G field a 25-fold reduction
of ODT trap lifetime in the MWS versus the maximally
strong-field seeking state.
[28] A. J. Berglund and B. L. Lev, in preparation.
[29] V. A. Dzuba, V. V. Flambaum, and B. L. Lev, Phys.
Rev. A 83, 032502 (2011).
[30] K. M. O’Hara et al., Phys. Rev. A 64, 051403 (2001).
[31] Trap frequencies, measured via parametric heating, are
uncertain to 5%.
[32] L. Santos, G. V. Shlyapnikov, and M. Lewenstein, Phys.
Rev. Lett. 90, 250403 (2003).
[33] N. G. Parker and D. H. J. O’Dell, Phys. Rev. A 78,
041601 (2008).
[34] 164Dy has 153 Born-Oppenheimer potentials [8] which
can contribute to the effective as.
[35] L. Santos et al., Phys. Rev. Lett. 85, 1791 (2000); S. Yi
and L. You, Phys. Rev. A 63, 053607 (2001).
[36] D. H. J. O’Dell, S. Giovanazzi, and C. Eberlein, Phys.
Rev. Lett. 92, 250401 (2004); C. Eberlein, S. Giovanazzi,
and D. H. J. O’Dell, Phys. Rev. A 71, 033618 (2005).
[37] T. Koch et al., Nature Physics 4, 218 (2008).
[38] For the field orientation θ = 0◦ (90◦), γ is defined using
f‖ = fz (f‖ = fρ) and f⊥ = fρ (f⊥ =
√
fρfz). Most
references analyze BEC stability for traps cylindrically
symmetric about the polarization axis (θ = 0◦). However,
an oblate trap with our aspect ratio and θ = 90◦ was
treated in Ref. [42] with the result that dd = 1 remains
the instability boundary.
[39] T. Pfau, private communication (2011).
[40] R. Wilson and J. Bohn, private communication (2011).
[41] W. C. Martin, R. Zalubas, and L. Hagan, Atomic En-
ergy Levels–The Rare Earth Elements (NSRDS-NBS, 60,
Washington, D.C., 1978).
[42] A. R. P. Lima, (2010), PhD Thesis, Freien Universita¨t
Berlin.
